Tunnel junctions are key for developing multijunction solar cells (MJSC) for ultra-high concentration applications. We have developed a highly conductive, high bandgap p ++ -AlGaAs/n ++ -GaInP tunnel junction with a peak tunneling current density for as-grown and thermal annealed devices of 996 A/cm and 235 A/cm , respectively. The J-V characteristics of the tunnel junction after thermal annealing, together with its behavior at MJSCs typical operation temperatures, indicate that this tunnel junction is a suitable candidate for ultra-high concentrator MJSC designs. The benefits of the optical transparency are also assessed for a lattice-matched GalnP/GalnAs/Ge triple junction solar cell, yielding a current density increase in the middle cell of 0.506 mA/cm with respect to previous designs.
INTRODUCTION
In recent years, several types of multijunction solar cells (MJSC) have shown efficiencies in excess of 40% under concentrated light [1] [2] [3] [4] [5] and recent studies predict efficiencies close to 50% for MJSCs with more than three junctions [6] . In the quest for producing cost-competitive electricity from concentrator photovoltaics (CPV), not only high cell efficiencies are needed, but also efficient operation of the MJSCs at ultra-high concentration (beyond 1000 suns) should be accomplished [7] . Consequently, the design of high-efficiency MJSCs to work under ultra-high concentration also demands the minimization of electrical and optical losses in the parts of the device that are not directly involved in the photovoltaic conversion, such as the tunnel junctions (TJ).
A monolithic MJSC consists of a stack of different subcells, each one having a different energy bandgap, and are electrically connected by tunnel junctions. A TJ is a thin highly doped p-n junction [8] that connects the p-side of one subcell to the n-side of the adjacent subcell. TJs in the field of MJSCs are characterized by two main figures of merit, namely, the peak tunneling current (J p ) and the equivalent resistance (r s ). For ultra-high concentration applications, TJs should show sufficiently low r s and high Jp so that the performance of the solar cell is not compromised by the TJ. The equivalent resistance should be as low as possible to avoid being the limiting vertical component in the series resistance of the device [9] . Besides, a high peak tunneling current is desirable to -be well above the photocurrent generated by the solar cell under concentration; -withstand peak irradiances on the cell arising from non-uniform illumination profiles created by the optics of CPV modules [10] ; and -increase the margin for the eventual degradation of their performance after the thermal load originated during the growth of subsequent subcells in a MJSC stack [11, 12] .
In this way, the TJ is forced to work at the ohmic region of its J-V curve and will cause a voltage drop directly related to the value of r s . From an optical standpoint, TJs should likewise present a high optical transmittance (by the use of high bandgap materials) so that the absorption of photons potentially absorbable by lower subcells is minimized. However, high peak tunneling currents are in principle obtained with low bandgap materials [8] , which diminishes the optical transparency of the TJ. As a result, a trade-off between high optical transparency and high peak tunneling current must be solved in order to achieve solar cells with high efficiency at ultra-high concentrations. In a previous work [13] , we presented the highest Jp reported to date (10 100 A/cm ) for a TJ device in the field of III-V MJSCs lattice matched to any of the typical substrates (GaAs or Ge). That design was based on a p ++ -AlGaAs:C/n ++ -GaAs:Te heterostructure latticematched to GaAs, which had a non-negligible optical absorption if used between a GalnP and a GaAs solar cell. Thus, in order to improve the transparency of the TJ, the GaAs-based cathode should be replaced by a material with a higher bandgap, at possibly the expense of a reduction in Jp. Theoretically, the use of an n-type AlGaAs cathode should solve the problem, but the achievement of a reproducible n-type AlGaAs doped to degeneracy has demonstrated to be elusive [14] [17] . The effect of the thermal load in the J-V curve was neither shown nor mentioned in any of these works.
In this paper, we present a p ++ -AlGaAs:C/n ++ -GaInP:Te tunnel junction with a measured peak current of 996 A/cm and an equivalent resistance of 7x10 f2-cm . After thermal annealing emulating the top cell growth (see below for the experimental details), the devices showed a drop of Jp to 235 A/cm , which corresponds to a concentration of about 15 600 suns, assuming a one-sun shortcircuit current density (J¡~) of ~ 15 mA/cm . The equivalent resistance showed an increase to 1.4 x 10 Q, • cm , although it satisfies the requirements for its implementation in MJSCs designed to work under ultra-high concentrations. The benefits of the optical transparency of the TJ for a conventional design grown on a Ge substrate are also shown.
EXPERIMENTAL
Tunnel junctions were grown on (100) GaAs wafers misoriented 2° towards the nearest (lll)A plane in a lowpressure horizontal Aixtron MOVPE reactor (AIX-200/4) at 550 °C. The precursors used were TMGa, TMA1, TMIn, AsH 3 , PH 3 , CBr 4 , and DETe diluted in H 2 (200 ppm). The structure of the tunnel junction ( Figure 1 ) consists of an n ++ -Gao.5iIno.49P cathode (Te doped) with an electrical doping level of ~ 1.1 x 10 cm and a thickness of 20 nm. The anode is a p ++ Alo.49Gao.5iAs (C doped) layer with an electrical doping level of ~6 x 10 " cm , and a thickness of 25 nm. They were grown with a V/III ratio of 24 and 5, respectively. The electrical doping levels were measured in test structures with thicker p-type and n-type layers by using an electrochemical capacitancevoltage profiler. In order to avoid the direct formation of a GalnP/AlGaAs heteroj unction in the TJ-which will severely limit the performance of the TJ-the opening of the TMA1 source is delayed when switching from the cathode to the anode growth, which implies growing a thin p ++ GaAs layer (around 3 nm) between both layers. Because this TJ is intended to be placed between the top cell (TC) and the middle cell (MC) in a GalnP/GalnAs/Ge triple junction solar cell (3JSC) lattice matched to Ge, the TJ was grown right after a 20 nm wide GalnP layer (Si doped, doping level 1 x 10 cm ). In this way, we analyze if the heterointerface between the MC window layer and the cathode will introduce any kind of series resistance problem in the final 3JSC design. On the contrary, we know from previous analysis [13] that the heterointerface formed between the anode and the TC-BSF will not induce any problem, and hence in the TJ structure no layer mimicking the BSF is included. Needless to say, the successful integration of this tunnel junction in a TJSC needs a careful analysis of the resistive role of all possible heterointerfaces between this TJ and adjacent layers in the real device. Besides, a GaAs cap layer was grown on top of the structure to facilitate the formation of ohmic contacts for the electrical characterization. In order to emulate the thermal load suffered by the TJ during the subsequent growth of the TC in a complete MJSC structure, another identical TJ was grown followed by a thermal annealing at 675 °C for 30 min. Tunnel diodes were fabricated out of as-grown and annealed semiconductor structures with conventional photolithographic techniques. Thermal evaporation of AuGe/Ni/Au and AuZn was used for the formation of the front and back metal contacts, respectively. The chemical etchants used for the mesa formation were NH 4 OH (2:1:10) and HC1 for the As-based and P-based semiconductors, respectively. Despite these results, the T.I once introduced in a MJSC architecture will not show such performance due to the aforementioned impact of the thermal load. Indeed, our devices after thermal annealing present a drop in J p to an average value of 235 A/cm 2 while the equivalent resistance increases to 1.4 x 10"** £2'Cin 2 (red triangles in Figure 2 (a)). Anyway, such peak current would allow the TJ to operate in the ohmic region up to concentrations as high as 15 600 suns (,/Jr ~ 15 m A/cm ), which far exceeds Ihe requirements for ultra-high concentra lion operation. Besides, the voltage drop corresponding to concentrations of 1000, 5000, and 10 000 suns are of 2. 11, and 26 mV, respectively. Note that these voltage drops are upper limits, because no corrections for voltage drops occurring out. of the TJ junction (i.e., metal contacts and substrate resistances) are being considered. In light of these results, this TJ might be also promising for inverted solar cell architectures, where the TJ between the MC and TC suffers even a higher thermal load [5] .
RESULTS AND DISCUSSION
Usually, degradation of TJs after thermal annealing has been explained by the following: (i) dopant diffusion that yields junction space charge widening [12, 18] and (ii) the formation or evolution of crystal and chemical defects abundant in epilayers doped to degeneracy [19] . We performed secondary ion mass spectroscopy measurements to directly check for Te or C diffusion during thermal annealing. As shown in Figure 3 , no diffusion was observed by secondary ion mass spectroscopy within its detection limit (±5% depth error), in agreement with the expected low diffusion coefficients of C and Te. On the other hand, defects have been observed to form in highly Te-doped III-V materials (as the TJ cathode) [13, 20] , and their formation is probably favored by the low growth temperature used ill our TJ. Therefore, changes in the density, structure and properties of the defects or traps associated to high doping concentration might be behind the degradation of in after thermal load, as wilt be discussed in the succeeding text.
Besides, for the TJ presented in this paper, the theoretical values for J p and r s predicted with band-to-band tunneling models are several orders of magnitude lower and higher, respectively, than the values empirically obtained [16.21] . This fact, together with the degradation of the J-V characteristic after thermal annealing, suggest the presence of a dominant mechanism-other than bandto-band tunneling-based on traps. In recent years, trap assisted tunneling (TAT) effect has been identified as a key contribution to the tunneling current [22] . In this case, the presence of traps (i.e., defects) in the TJ grown is identified by the excess current, generally attributed to tunneling through midgap states [23] . Furthermore, the decrease of the excess current after thermal annealing (as in refs 11 1,191) indicates a modification of tlie properties of these defects, which might also act as traps responsible of TAT effect.. However, the exact explanation of the formation and evolution of the sub bandgap defects and their exact role in the TAT process is not completely understood yet. Detailed analysis based of aberration corrected HRTEM of tunnel junction structures is underway to advance in this understanding.
In order to estimate the influence of the TJ properties on the performance of the tinal solar cell under real working conditions, we measured its 7-V curve under typical operation temperatures. A conventional MJSC working in a CPV module under high irradiances and with an ambient T of 30 °C, can reach an equivalent temperature of about 80 °C [24] . Figure 2(b) shows the J-V characteristic of the annealed TJ device at different temperatures in the range of 30-70 °C. J p shows a slight drop--3.5% relative at. 70°C, see inset of Figure 2 (b)-while the equivalent resistance does not experience any significant change with increasing temperature. These small changes in TJ parameters indicate that this design will exhibit the required performance in held operation. In addition, further comments can be made on the evolution of the J-V curves versus temperature. In a conventional TJ, the direct band-to-band tunneling current (i.e., the current density in the TJ related to the tunneling of electrons from the conduction band of the cathode into the valence band of the anode) increases with T [251, as observed for several TJ designs |26,27|. Therefore, the behavior of Jp with T of our high bandgap TJ supports the idea that the dominating tunneling process is other than the direct band-to-band tunneling. On the other hand, the thermal current does show the expected evolution with T, underlining this different behavior of Jp.
As previously commented, optical properties of the TJ are also key for high efficient MJSCs. In the case of MJSCs grown on Ge or GaAs substrates, the p ++ -AlGaAs:C/n ++ -GaInP:Te TJ with the J-V curve of Figure 2 is suitable to be placed between the GalnPbased TC and the GalnAs-based MC. In order to estimate the current gain in the MC, in comparison to a more absorbing p ++ -AlGaAs/n ++ -GaAs TJ, the following structures were grown. A Gao.99 m 0.01 As solar cell, similar to the MC of a conventional GalntVGalnAs/Ge 3JSC, was grown on a Ge(100) substrate. Then the high bandgap TJ was grown on top, followed by a 750 nm GalnP layer that acts here as an optical filter, mimicking the light absorption of a real GalnP-based TC. For comparison, a second structure was grown substituting the high bandgap TJ by a partially absorbing p ++ -AlGaAs:C/n ++ -GaAs:Te TJ. As shown in |13|, in light of its electrical performance. this TJ design will not limit a MJSC either. This TJ consists of an n ++ -GaAs cathode (Te doped) with an electrical dopirig level of ~ I x 10 cm and a thickness of 20 nm. The anode is a p ++ -Aln 4<jGao.5iAs (C doped) layer with an electrical doping level of ~3x 10 " cm and a thickness of 20 nm. The cathode and the anode are sandwiched between AIGaAs barrier layers, as described in [13] . Figure 4 shows the external quantum efficiency (EQE) of these two devices, after the deposition of a MgH^/'HS double layer antireflection coating, consisting of 46 nm of ZnS and 100 nm of MgF^. As can be seen, there is a net increase of the EQE in the MC in comparison to the less-transparent AlGaAs/GaAs TJ. Integrated 550 600 650 700 750 800 850 900 950 ^(nm) over the AM 1.5D ASTMG 173-03 (1000 W/m 2 ) spectrum, this gain is equivalent to an increase in J sc of 0.56 mA/cm . Accordingly, our calculations predict an efficiency increase of 1.3% (absolute) at 1000 suns in the final GalnP/GalnAs/Ge triple-junction solar cell, assuming an MC current-limiting MJSC and no modifications of the open circuit voltage or fill factor.
CONCLUSIONS
In conclusion, we have developed a highly conductive p ++ -AlGaAs/n ++ -GaInP TJ for concentrator MJSC. Regarding the J-V characteristics of the TJ after thermal annealing (J p of 235 A/cm 2 and r s of 1.4 x 10" 4 fi-cm 2 ) and its performance under real operating T, this TJ architecture will not electrically limit the MJSC in any practical CPV set-up. The TJ is also transparent for a conventional lattice-matched 3JSC design, yielding a J sc increase of 0.56 mA/cm in the MC with respect to previous and partially absorbing designs. The high values in J p obtained for the as-grown devices cannot be justified by band-to-band tunneling. Such high J p values, together with the behavior of the J-V curves with T, suggest the presence of an extra dominant tunneling effect based on traps. Experimental and theoretical studies are ongoing to understand the formation of defects in this system and its role in tunneling current enhancement, respectively.
